Abstract-We investigate the transduction of tactile information during active exploration of finely textured surfaces using a novel tactile sensor mimicking the human fingertip. The sensor has been designed by integrating a linear array of 10 micro-force sensors in an elastomer layer. We measure the sensors' response to the passage of elementary topographical features in the form of a small hole on a flat substrate. The response is found to strongly depend on the relative location of the sensor with respect to the substrate/skin contact zone. This result can be quantitatively interpreted within the scope of a linear model of mechanical transduction, taking into account both the intrinsic response of individual sensors and the context-dependent interfacial stress field within the contact zone. Consequences on robotics of touch are briefly discussed.
I. INTRODUCTION
T HE tactile sensitivity of hands and fingertips allows humans to dexterously manipulate objects and obtain a wealth of information such as their shape, weight or texture [1] . Specialized nerve endings (mechanoreceptors) located in the first layers of the skin trigger sequences of spikes traveling up the afferent fibers, that are further processed by the central nervous system to ultimately form a representation of the probed object. Biomimetic tactile sensing aims at artificially reproduce this mechanism by mimicking the fingerpad. Biomimetic sensors generally consist of a collection of force sensors covered with an elastic membrane [2] - [4] . Different technologies have been used to produce the artificial counterparts of the mechanoreceptors, such as MEMS [5] - [8] , strain-sensitive materials [9] - [11] or thin-film devices [12] . More recently, the role of the skin itself in the transduction process has been studied. It has been shown in particular that the topography of the skin may significantly modify the sensors response [5] , [10] .
Despite the rapid development of this field in recent years, replication of the full manipulative capabilities of the human hand is still years away. Beyond the technological challenge of designing realistic tactile devices, efforts are still needed to understand how one can efficiently and robustly extract physical information about the probed object from the sensors signal. One of the fundamental difficulties owes to the fact that tactile perception is an active process: the sensor's response not only depends on the intrinsic property of the sensor system but also on the exploratory conditions, i.e. the way the object is probed. This may explain why, in natural tactile perception, various types of exploratory procedures are spontaneously used depending on the type of information one seeks to extract (shape, texture, weight, etc.) [13] . How these various exploratory conditions shape the elicited mechanoreceptors response and thus effectively participate to the transduction and encoding of tactile information is to date mostly unknown.
In this Letter we focus on the role of one exploratory parameter, namely the location of the fingertip/surface contact zone with respect to the sub-cutaneous receptors. To that end, we investigate the response of a multi-sensor biomimetic device to the passage of elementary topological defects and examine how this response varies with the location of each sensor below the contact zone.
II. BIOMIMETIC FINGERTIP DESIGN AND CALIBRATION
A novel biomimetic tactile sensor has been designed with the aim to reproduce the functioning principle and main mechanical characteristics of the human fingertip. The force sensing device is a linear array of 10 MEMS force sensors 1 . Successive sensors are 1mm apart and aligned along the xaxis (see fig.1-top) , which is the scanning direction in dynamic 1 The MEMS sensors have been developed by Patrice Rey and collaborators at CEA-LETI in Grenoble, France. sensing experiments. Sensors are numbered from left to right and a consistent color code is used in all figures, from blue (1) to red (10) . The sensitive part of each force sensor consists of a vertical silicon cylinder of diameter 200µm and height 400µm attached to an horizontal suspended silicon membrane of radius 350µm (see inset in fig.1-top) . This membrane bears 4 pairs of piezoresistive gauges that measure its internal stress state, from which one can extract the three components of the force acting on the cylinder.
The array of force sensors is embedded in an elastic spherical cap mimicking the skin, with a radius of curvature R = 129.7mm and a maximum thickness h = 3.04mm. The apex of the elastic layer is positioned roughly above the middle of the array. This elastic cover is made of cross-linked PolyDiMethylSiloxane (PDMS, Sylgard 184, Dow Corning) whose Young's modulus and Poisson ratio are respectively ∼ 3M P a and 0.5. Its surface is rendered rough at a micrometric scale by mechanically abrading the spherical mold used for its design. This fine texturing significantly reduces adhesive and frictional forces which may otherwise result in the deterioration of the sensor.
The biomimetic sensor is integrated in a mechanical setup which allows for controlled tactile stimulation. The probed substrate is attached to a three-axis motorized platform through a double cantilever system coupled with capacitive position sensors that enable one to simultaneous record the global normal force F z and tangential force F x .
Individual micro-force sensors are first calibrated using a standard quasi-punctual indentation protocol [9] , [14] sketched in fig.1 -top. A 500µm in diameter metallic wire is indented normally to the skin at various positions under a controlled load F z in the range 0 − 0.4N . Regardless of the indentor's location, the sensors' response varies linearly with the applied load. Figure 1 -bottom displays this response for the ten sensors corresponding to a unit load (F z = 1N ) as a function of the position x of the indentor, for both the normal σ z and tangential σ x components.
These point-load response profiles are compared with the result of a finite element simulation using CAST3M 2 : the stress field at the bottom of an elastic layer of finite thickness h rigidly attached to a solid substrate is calculated as its surface is normally indented by a 500µm flat punch. In the limit where the punch diameter is much smaller than the layer thickness, the calculated stress field is similar to that obtained for a punctual indentor (the so-called Green function) and is a function of h only. As shown in the bottom panels of figure 1, the measured sensors' response profiles and calculated stress fields can be correctly adjusted for both directions of the stress. This adjustment provides a Volt-to-Pascal calibration of the sensors, as well as an estimated value of the thickness of the layer at each sensor's location. The latter is consistent with the known geometry of the elastic cap: in particular, the layer thickness is found to vary continuously along the line of sensors as expected for a spherical cap, with a maximal thickness of the skin located close to sensor ♯6. This thickness Static and dynamic average stress as measured by the sensors compared to the model prediction. Top Sketch of the experiment: a smooth substrate is pushed against the skin surface with a confining normal load Fz = 0.8N . In dynamic exploration, the substrate moves with a velocity v along the sensor array axis. Middle Measured average stress in the static regime for the 10 sensors (circles) compared to the model's prediction (black curve) for the normal component σz (left) and the tangential component along the direction of motion σx (right), as functions of the sensor's location x. Position x = 0 is the center of the contact. Error bars show the measured standard deviation and colors correspond to the locations depicted on the sketch. Bottom Same as above but in the steady sliding regime (v = 500µm.s −1 ). variation can be clearly seen on fig. 1 through an inverse variation of the maxima of σ z (corresponding to the point where the indentor lays right above the sensor).
III. STRESS FIELD DURING EXPLORATION OF A SMOOTH

SUBSTRATE
We first investigate the response of the biomimetic sensor to a flat and smooth substrate, under both static and dynamic exploration. A Plexiglas plate is put into contact with the sensor under a constant load (F z = 0.8N ) forming a circular contact of diameter 4 − 5mm. The interfacial contact stress field is in this case centro-symmetric with respect to the center of the contact zone. The corresponding normal and tangential stress σ z and σ x , measured with the micro-force sensors, display respectively symmetric and anti-symmetric profiles around the contact center, as shown in figure 2-middle. A slight asymmetry in the x-direction is however observed which can be accounted for by the development of a minute tangential force under normal loading associated with the presence of the cantilever [14] . The substrate is then put into sliding motion along the x-axis at constant velocity v = 500µm.s −1 . The time-averaged profiles in steady sliding are shown in the bottom panel of figure 2 . These profiles strongly differ 
from their static counterpart as a result of the development of friction-induced tangential stress in the contact zone.
In order to interpret the sensors' response in both static and dynamic conditions, a simple mechanical model of linear elastic transduction is developed. Three ingredients are needed: the pressure field at the skin/substrate interface, a local law of friction to derive the tangential stress in the contact zone and a description of the stress propagation in an elastic layer of finite thickness.
• (i) Pressure field at the interface. The interfacial pressure field in a sphere-on-plane contact under normal load is given by Hertz calculation [15] . This profile however needs to be corrected to take into account the finite thickness of the elastic layer. Fretigny and Chateauminois have recently proposed a numerical solution to this problem [16] . A comparison between the Hertz pressure profiles for an infinite and a finite thickness layer corresponding to our system geometry is shown in figure 3 left. The modified pressure profile has a smaller contact radius and the pressure at the center is higher.
• (ii) Local law of friction. In steady sliding, we postulate a local Coulomb law everywhere in the contact zone, i.e. we assume a linear relationship between the tangential stress p x and the normal stress p z at the interface:
where the dynamical friction coefficient µ d ∼ 3 is the ratio of the global tangential and normal forces F x /F z . We also assume that this friction-induced tangential stress field does not affect the pressure field discussed above.
• (iii) Stress propagation through the elastic layer. Under linear elasticity and quasi-static hypothesis, the stress propagation through the elastic layer is entirely given by the Green tensor {g ij (x, y)} which characterizes the stress field at position (x, y, z = h) in response to a unit localized force applied at the surface of the layer at position (x = 0, y = 0). For a semi-infinite elastic medium, an analytical solution to this tensor exists [15] . Again, in the present configuration, this result needs to be corrected to take into account the finite thickness of the elastic layer and its attachment to a rigid base. The finite element analysis we have carried out for normal indentation indicates that a reasonable approximation for this correction can be obtained by rescaling the semiinfinite solution by a simple numerical factor k, while the spatial coordinate is rescaled by a factor k −1/2 to ensure force conservation. This is shown in fig. 3 -right which compares the result of the finite-element calculation with the rescaled semi-infinite solution with a scale factor k = 1.48. The same factor yields a correct approximation to the tangential component of the stress (not shown). We make the assumption that the same correction holds for the other components of the Green tensor, i.e. for the response to a tangential localized force. With these three ingredients, an estimated stress profile along the sensor array axis (y i = 0) at depth z i = h can be derived by convoluting the interfacial stress field with the Green tensor:
In spite of the numerous assumptions made in this model, fig. 2 demonstrates that the predicted stress profiles (black curves) consistently captures the experimental data (colored circles) in both static and dynamic conditions. Note that, for the static case, the observed residual tangential force at rest has been accounted for by postulating a tangential stress field p x proportional to the normal stress field p z .
IV. RESPONSE TO ELEMENTARY TOPOLOGICAL DEFECTS IN DYNAMIC EXPLORATION
We now turn to the response of the biomimetic tactile sensor to the presence of an elementary topological defect on the flat surface. The same Plexiglas plate is patterned with individual holes of diameter 500µm and depth 500µm sufficiently well separated in space so that only one hole at most can lay within the contact zone. In static contact, the presence of a hole within the contact zone cannot be detected by the sensor. However, in dynamic exploration, i.e. when the hole is scanned across the sensor along the MEMS array axis, the passage of the hole in the contact zone can be easily identified by subtracting the time signal of each sensor with its time-averaged value. We denote ς z (u) and ς x (u) the stress variation signals thus defined, with u being the position of the hole along the x direction of motion (see fig.4-top) . Fig.4 -left shows the profiles obtained by averaging over 14 passages of similar holes, for the ten sensors whose locations range from −4.5 to 4.5mm. Standard deviations are typically 0.6kP a for ς z and 0.4kP a for ς x . These dynamic response profiles, unlike the localized force responses shown in fig. 1 , display very dissimilar shapes depending on the sensor's precise location with respect to the contact zone. The normal stress profiles ς z (u) evolve from a positive hump on the left-hand side sensors to a This result can be quantitatively interpreted based on the simple mechanical model presented before. The interfacial pressure field at the location of the hole is strictly zero since the elastic layer does not make contact with the substrate in this area. We further assume that the interfacial stress field in the rest of the contact is unchanged except for an overall uniform rescaling factor to ensure that the integral of the stress over the contact zone remains equal to the imposed overall load F z . Under this assumption, the stress modification induced by a hole located at (u,y = 0) can be approximated, for a sensor located in (x i , y i = 0, z i = h), as:
where S d is the hole's surface area. These predictions are shown in the right panels of fig. 4 for ten 1mm-spaced sensors whose positions are depicted on the horizontal axis with colored circles, allowing for a direct comparison with the experimental measurements. Interestingly, the profiles predicted by the model are not only similar in shape to the measured ones but they are also quantitatively equivalent (compare for instance the profiles for sensor ♯5 in cyan, which can be almost superimposed). The major quantitative difference occurs for the sensors laying on the right-hand side of the contact (from ♯6 to 10): the measured stress variations amplitudes are up to 4 times larger than their predicted counterpart, both for the normal and tangential components. This discrepancy may reflect the need to refine our description of the interfacial stress field, in particular to account for the coupling between tangential and normal stresses: the friction-induced tangential stress field produces a torque on the elastic layer which is balanced by a dissymmetrization of the interfacial pressure profile [17] . This effect, ignored in our simple model, is expected to increase the signal experienced by the sensors sitting at the front of the contact.
V. CONCLUSION AND PERSPECTIVES
This study constitutes the first step towards the comprehension of mechanical transduction of roughness information in realistic exploratory conditions. It allowed us to exhibit individual sensors' response to the scanning of elementary topological defects. These dynamic response functions should enable one to predict the linear response to any number of such holes patterned on a smooth substrate. By comparing such predictions to actual measurements, one may in turn characterize possible corrections that would reflect the nonlinear properties of solid frictional interfaces.
A central issue in artificial touch perception is the implementation of an inversion method, i.e. a signal processing procedure allowing one to consistently extract a representation of the probed environment from the measured sensors' responses. A naive strategy would consist in considering each sensor independently and extract from their signal, based on their intrinsic characteristics, the physical information of the substrate that lay within their sensitive area. Our results show that such an approach is likely to fail: in realistic conditions of exploration, the contact zone between the surface and the sensor cannot be known with great precision but the response of each sensor will critically depends on their position with respect to the contact zone. This difficulty is reminiscent of the problem of face recognition in image processing for instance, where variability in the lighting conditions needs to be accounted for in the signal analysis. This analogy suggests that in tactile exploration as well, the signal processing should include a pre-treatment stage based on multi-sensors signal analysis to account for contact stress heterogeneities at the skin/substrate interface.
